[1] Ecosystem CO 2 exchange with the atmosphere and the planetary boundary layer (PBL) dynamics are correlated diurnally and seasonally. The strength of this kind of covariation is quantified as the rectifier effect, and it affects the vertical gradient of CO 2 and thus the global CO 2 distribution pattern. An 11-year (1990An 11-year ( -1996An 11-year ( , 1999An 11-year ( -2002, continuous CO 2 record from Fraserdale, Ontario (49°52 0 29.9 00 N, 81°34 0 12.3 00 W), along with a coupled vertical diffusion scheme (VDS) and ecosystem model named Boreal Ecosystem Productivity Simulator (BEPS), are used to investigate the interannual variability of the rectifier effect over a boreal forest region. The coupled model performed well (r 2 = 0.70 and 0.87, at 40 m at hourly and daily time steps, respectively) in simulating CO 2 vertical diffusion processes. The simulated annual atmospheric rectifier effect varies from 3.99 to 5.52 ppm, while the diurnal rectifying effect accounted for about a quarter of the annual total (22.8$28.9%).The atmospheric rectification of CO 2 is not simply influenced by terrestrial source and sink strengths, but by seasonal and diurnal variations in the land CO 2 flux and their interaction with PBL dynamics. Air temperature and moisture are found to be the dominant climatic factors controlling the rectifier effect. The annual rectifier effect is highly correlated with annual mean temperature (r 2 = 0.84), while annual mean air relative humidity can explain 51% of the interannual variation in rectification. Seasonal rectifier effect is also found to be more sensitive to climate variability than diurnal rectifier effect.
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Introduction
[2] Over the past 3 decades, annual accumulation of CO 2 in the atmosphere varied significantly from year to year, ranging from about 1 GtC per year to as high as 6 GtC per year [Conway et al., 1994] (data updates to Conway et al. are available from www.cmdl.noaa.gov/ccgg/). In recent years, the atmospheric CO 2 increase due to fossil fuel combustion has been around 2.8 PgC yr À1 (equivalent to 1.4 ppm yr À1 ) [Ishizawa et al., 2002; Prentice et al., 2001; Blasing et al., 2005] with a small year-to-year variability (<0.3 PgC yr
À1
) [Marland et al., 2002] . Therefore variations in the observational data primarily reflect variations in the ocean and land fluxes, with the global carbon sink ranging from about 1 GtC per year to perhaps as much as 5 GtC per year [Keeling et al., 1995; Francey et al., 1995] . To understand the response of global ecosystems to climate changes and anthropogenic perturbations and to predict future trends in atmospheric CO 2 , it is critical to determine the spatial distribution of carbon sources and sinks and to understand the mechanisms for carbon sequestration Enting, 1999; Wofsy and Harris, 2002] . Unfortunately, spatial and temporal heterogeneities in the net exchange of CO 2 between the surface and the atmosphere make it impractical to derive regional or global values from direct measurements at small scales. Classic inversion (top-down) and ecosystem modeling (bottom-up) methods are both under-constrained for relevant spatial/ temporal scales. An emerging question is whether it is possible to merge top-down and bottom-up approaches to use surface and atmospheric observations to constrain landatmospheric exchanges at various spatial scales and at timescales of weeks, months, years and decades.
[3] Seasonal and diurnal covariance between net ecosystem CO 2 exchange (NEE) and the planetary boundary layer (PBL) dynamics, termed as the atmospheric rectification, influences the time-mean vertical partitioning of CO 2 between the PBL and the free troposphere (FT) [Denning et al., 1995] , and leads to significant spatial gradients in CO 2 . The enhancement in the simulated annual mean Arctic-toAntarctic CO 2 gradient in marine boundary layer (MBL) due to rectification, varies from slightly negative to more than 3 ppm among different transport models [Law et al., 1996; Denning et al., 1999] . It is one of the largest sources of uncertainty in estimates of continental/global-scale carbon sinks/sources [Gurney et al., 2002 [Gurney et al., , 2003 . Understanding the rectification and quantifying its inter-annual variability as well as its influence on the distribution of CO 2 in the atmosphere is a key in being able combine topdown and bottom-up approaches. It also has the potential to significantly reduce uncertainties.
[4] Atmospheric inversion calculations infer the distribution of surface sources and sinks from time-averaged CO 2 distributions observed at remote marine boundary layer (MBL) locations [Tans et al., 1990] . It is therefore not surprising that regional carbon sources/sinks derived from inverse model calculations are model-dependent, and especially sensitive to transport model representations of vertical mixing and horizontal advection [Stephens et al., 2000] . Several recent studies have explored how the behavior of the PBL column integral CO 2 would help to reduce uncertainties associated with carbon sources and sinks in atmospheric inversions [Olsen and Randerson, 2004; Rayner and O'Brien, 2001] . For example, Gloor et al. [2000] showed that measurements of a single PBL column profile of CO 2 over the Amazon Basin would be one of the most effective ways, paradoxically, to reduce uncertainty associated with the size of the contemporary North American carbon sink. Similarly, Rayner et al. [2002] demonstrated that source/sink inversion results were found to be sensitive to biases caused by incomplete sampling of the diurnal cycle of the PBL column CO 2 . These initial studies have also explored the applicability of using the PBL column integral CO 2 measurements to improving the estimation of the global/regional carbon sources/sinks in inverse calculation. The advantages of introducing the PBL column integral CO 2 into inverse modeling have been clearly shown in these studies. While diurnal, seasonal, and latitudinal aspects of CO 2 variability near the surface have been extensively explored [e.g., Bolin and Keeling, 1963; Keeling et al., 1976; Fung et al., 1987; Wofsy et al., 1988; Tans et al., 1990; Bakwin et al., 1995; Denning et al., 1996a; Chou et al., 2002; Gurney et al., 2002] , unfortunately, very little is known about the behavior of the CO 2 column integral [Olsen and Randerson, 2004] , Aircraft would have likely provided an adequate platform for such observations, particularly over continents [Tans et al., 1996] , however, high-frequency aircraft sampling is extremely expensive and does not provide continuous records. Observations on very tall towers can only reach the lower part of the convective planetary boundary (CBL) with the highest measurement level being around 500 m [Bakwin et al., 1995 [Bakwin et al., , 1998a [Bakwin et al., , 1998b . The covariance between NEE and PBL dynamics drives the rectifier effect. Observations to constrain the strength of the rectification in nature are lacking [Yi et al., 2004] . One way to retrieve this covariance information from tower CO 2 concentration measurements is to apply a model to simulate the temporal variation of CO 2 at given heights resulting from ecosystem metabolism and atmospheric diffusion in the PBL. The CO 2 data record collected over 11 years at Fraserdale from a 40 m high tower in a boreal forest region (Ontario, Canada; 49°52 0 , 81°37 0 W), is the longest continental record (1990 -1996, 1999 -present) within North America and as such provides an opportunity to study long-term and interannual variations of CO 2 behavior within the PBL as well as the interactions between the PBL and the FT. The hourly averaged CO 2 concentration record is used to test models for investigating the interannual variations in rectification and CO 2 sources and sinks in North America.
[5] Here we will explore two questions through investigating the interannual variability in the atmospheric rectifier effect: (1) How do the covariances among CO 2 net exchange, the mixing ratio and the PBL dynamics depend on daytime, nighttime, seasonal and annualCO 2 fluxes at the surface and (2) how do the differences between the PBL concentrations of CO 2 and the surface values observed at towers depend on these fluxes? Knowledge of these covariances and differences would provide a basis for us to use observations at individual towers to infer regional carbon cycle information at timescales of weeks, months, years and decades.
Materials and Methods

Research Site, Surrounding Landscape Characteristics, and Measurements
[6] The Fraserdale (FRD) tower is located southwest of James Bay in northern Ontario [Higuchi et al., 2003 ]. The site is about 210 m above the sea level, with a 40-m tower located on the top of a small hill at the east end of a large clearing, about 300 -400 m across, which is characterized by a relatively smooth shallow valley covered by tall grass and several small willow trees. According to a Landsat TM image at a 30 m resolution (1994), the landscape (3600 km 2 around the tower) consists of 66% of black spruce (Picea mariana) and Jack pine (Pinus banksiana), 20% open land after forest fires and logging, 11% aspen (Populus tremuloides) and paper birch (Betula papyrifera), and 3% open water.
[7] In February 1990, a continuous monitoring of atmospheric CO 2 was initiated at the 40-m tower at the FRD site. The second air sample intake was added at the 20 m in late 1995. The measurement continued until November 1996 with only a few short interruptions. Meteorological parameters, such as wind and air temperature, were measured at heights of 1.5,10, 20 and 40 m on the tower; humidity was taken at 1.5, 20 and 40 m levels. The measurement program was re-initiated in late 1998, and continues to the presentday. The measurements were made according to the WMO (Global Atmospheric Watch) guidelines, with an accuracy of 0.1 ppm [Higuchi et al., 2003] .
Modeling Methodology 2.2.1. Outline of the Model System
[8] The carbon cycle involving soil, vegetation and atmosphere and driven by solar and thermal energy is simulated using an integrated modeling system. This system consists of two components; the vertical diffusion scheme (VDS) and an ecosystem model, named ''Boreal Ecosystem Productivity Simulator'' (BEPS) Liu et al., 1999 Liu et al., , 2002 . VDS simulates CO 2 diffusion within the PBL under both stable and unstable conditions . The atmospheric stability determines the selection of a stable or free convection scheme. The criteria for the selection are the sign and magnitude of the bulk Richardson number R b in the surface layer and the magnitude of jz h /Lj, where z h denotes the height of the mixed layer and L is the Monin-Obukhov length. R b is calculated using equation (5.6.3) from Stull [1993] . BEPS and VDS are linked through three prognostic variables: land surface sensible heat flux (H) and latent heat flux affecting the mixed layer development, and net ecosystem carbon flux (NEE) driving vertical CO 2 transfer, which are calculated using BEPS at each computing time step.
Model Updates
[9] The BEPS model used in this study is an updated version (BEPS2.0) that includes a land surface scheme, named ''Ecosystem-Atmosphere Simulation Scheme'' (EASS), as a crucial component, in that energy, water and carbon cycles are fully coupled. EASS is similar to CLASS-C [Arain et al., 2002; Wang et al., 2002a Wang et al., , 2002b and SiB2 [Sellers et al., 1996 [Sellers et al., , 1997 Chen et al., submitted manuscript, 2005a and 2005b, respectively) . This updated ecophysiology model simulates ecosystem processes including water balance, photosynthesis [Farquhar et al., 1980] , autotrophic and heterotrophic respiration, and radiation and energy balances of the canopy and soil surface. Preliminary experiments showed that the simulation realism and accuracy in carbon dynamics are enhanced significantly [Ju et al., 2004] .
[10] VDS has been updated since Chen et al. [2004] . A new module for simulating the stable boundary layer (SBL) is introduced in the new version. The diurnal evolution of SBL is not necessary for simulating CO 2 diffusion processes under stable atmospheric conditions according to the VDS modeling strategy. To simplify calculation, we only emphasize on simulating the equilibrium height of SBL, which is a baseline height for modeling CBL height. A diagnostic multilimit SBL height equation is introduced after Zilitinkevich and Mironov [1996] , , and ,
where C n , C sr , and C ir are dimensionless constants, which are approximately set to 0.3, 1.0, and 1.7, respectively; f c is the Coriolis parameter (= 2w sin f = (1.45 Â 10 À4 s
À1
) Â sin jfj, where f is the latitude); m * , N, and L are the fraction velocity, the Brunt -Väisälä frequency, and the MoninObukhov length, respectively, which are calculated using the general equations cited from Stull [1993] (see Stull's equation (9.7 .1b) for m * , equation (12.6.1a) for N, and equation (5.7c) for L).
[11] Moreover, the CBL module in VDS is modified by considering moisture buoyancy effects: (i) the potential temperature (q) is replaced by the virtual potential temperature (q v = q + 0.61T 0 q, where T 0 is a reference value of absolute temperature, and q is the specific humidity); (ii) the flux of virtual potential temperature (F qv ) is introduced into VDS. We calculate F q v using equation (2) after McNaughton and Spriggs [1986] ,
where H is the sensible heat flux
), l is the latent heat vaporization of water (= 43.7 Â 103 J mol À1 ), r is the air density in mol m
À3
, and E is the surface evaporation rate (mol m À2 s
À1
). H and E are simulated using the EASS model.
[12] The lower surface layer in VDS is set at a fixed height of 40 m. The model is improved through the use of shorter time steps and smaller spatial intervals (30 s versus 60 s and 50 m versus 100 m from Chen et al. [2004] ).
Model Inputs
[13] The input data for this model system include the land surface parameters (i.e. vegetation and soil data) and meteorological variables measured over the canopy height. The 
; RMSE is the root mean square error,
; RMSD is the root mean square difference expressed in percentage of the average of observed CO 2 mixing ratio,
; and r 2 is the squared linear regression coefficient,
vegetation parameters (i.e., land cover type and leaf area index) are derived from satellite images at 1-km resolution (directly from AVHRR images, or up-scaling from Landsat TM) instead of directly using observed canopy data. Data on total soil dead organic matter (DOM) and soil texture are obtained from the Soil Landscapes of Canada (SLC) database, the best soil database currently available for the country [Shields et al., 1991; Schut et al., 1994 , Tarnocai, 1996 Lacelle, 1998 ]. The soil textural data (silt and clay fraction) and DOM data at the FRD site are extracted from the map of SLC version 2.0.
[14] The hourly meteorological data as model inputs include air temperature, air relative humidity, incoming shortwave radiation, wind speed, precipitation, and air pressure. Unfortunately, for the FRD tower, precipitation is not measured and incoming shortwave radiation is not available for the period 1990 -1996 . We approximately use the precipitation data measured at the weather station Kapuskasing (87 km southwest of FRD) as a proxy. In order to estimate solar irradiance when the data are not available, a solar irradiance module is used after the modified Bristow-Campbell algorithms. The total daily solar irradiance (R s ) is calculated from the limited data set of daily maximum and minimum air temperature and daily total precipitation, along with site latitude, elevation, and annual mean temperature [Bristow and Campbell, 1984; Winslow et al., 2001 ] (see Appendix A for more details).
[15] Moreover, the Globalview reference MBL matrix data are used as model top boundary condition instead of CBA flask station data used by Chen et al. [2004] . The matrix data from NOAA/CMDL's network is constructed in weekly intervals with spatial increment of 0.05 sine of latitude on the basis of sampling sites located in the marine boundary layer [GLOBALVIEW-CO2, 2004] . We use a linear interpolation method to extract MBL matrix values of CO 2 mixing ratio for the FRD site.
Model Validation
[16] BEPS has been validated for several sites (campaign data or eddy covariance measurements) over Canada [Liu et al., 1997 [Liu et al., , 2002 Ju et al., 2004] . It has also been applied to other ecosystems with acceptable results [Sun et al., 2004 , Wang et al., 2003 Matsushita et al., 2002 Matsushita et al., , 2004 . EASS has been tested and validated against multiple-year observed data at several sites over Canada. Overall, EASS is proved to be successful in capturing variations in energy fluxes, canopy and soil temperatures, and soil moisture over diurnal, synoptic, seasonal and inter-annual temporal scales (Chen et al., submitted manuscript, 2005a (Chen et al., submitted manuscript, , 2005b .
[17] The integrated VDS model system is validated against hourly averaged CO 2 concentrations at 40 m height for the 11-year record. The results are summarized in Table 1 in term of regression statistics between modeled and observed CO 2 concentrations at different timescales. The values of squared linear regression coefficients (r 2 ) increase, and the root mean square errors (RMSE) and the mean bias errors (MBE) decrease as the modeled hourly values are averaged for daily and 10-day composite diurnal cycles, suggesting that the 1-d model can capture the underlying ecosystem variability for regional carbon balance estimation. The root mean square differences (RMSD) (percentage of the averaged observations), are lower than 2% across different timescales. This suggests that VDS has capacity of capturing most variations in CO 2 mixing ratios at the surface layer. Simulated vertical patterns of CO 2 mixing ratios are also comparable with those measured at the North Carolina tower . To further verify model performance in simulating vertical diffusion processes, VDS has recently been applied to the WLEF tower [Chen et al., 2005] . (a) Monthly averages of convective boundary layer depth (Z max ), net ecosystem CO 2 exchange (NEE) and daytime net CO 2 flux (DNF), the bars indicate the standard deviation; (b) observed (O40 m: at 40 m height, solid line with standard error bars) and simulated monthly mean CO 2 concentrations at different heights (S40$S1540 m, without error bars); the background values, monthly mean CO 2 concentration in the free troposphere (the interpolated CO 2 mixing ratio for the latitudes where FRD site is located from Globalview reference MBL matrix data, thick solid line with triangles), were also shown here for a comparison; and (c) a simulated vertical profile of annual mean CO 2 . equal 3.63 ppm, 2.84 ppm and 2.6 ppm for 30 m, 122 m and 396 m, respectively [Chen et al., 2005] .
Results and Discussion
Understanding Rectification Mechanism
[18] The net ecosystem CO 2 exchange represents both the diurnal oscillation between photosynthesis and respiration, as well as the seasonal cycle. The atmospheric transport of trace gases has strong diurnal and seasonal components as well because the PBL dynamics varies diurnally and seasonally. The covariation between the terrestrial surface CO 2 flux and the atmospheric transport/convection through dynamics of PBL coherently acts on the same diurnal, synoptic, and seasonal frequencies, which produces vertical and horizontal CO 2 gradients and has been termed as ''rectifier'' effect [Keeling et al., 1989; Denning et al., 1995] . As discussed in section 2.2, the integrated BEPS-VDS model system has overall capacity of simulating these processes well . The model results are useful in understanding the rectification mechanism. The model presentation is divided into the diurnal and seasonal averages in order to differentiate the temporal scales that drive the rectifier effect.
Diurnal Covariance
[19] The monthly composite diurnal covariance during the growing season (e.g., June 2002) is shown in Figure 1 , along with the simultaneous surface fluxes, PBL depth and CO 2 mixing ratio profile. The CO 2 flux to the atmosphere (equal to NEE in quantity) simulated by BEPS (Figure 1a) is relatively constant at night with a slight decline from sunset to just prior to sunrise (approximately 3 mmol m À2 s
À1
), which then becomes negative near sunrise and then quickly reaches the minimum value of about À8 mmol m À2 s À1 by the midmorning (typically around 0930 local time). The photosynthetic uptake decreases slowly during the afternoon and ceases at sunset. The NEE becomes positive again after sunset. The depth of the PBL (Z i ) follows a similar pattern with a shallow (less than 250 -300 m), stable NBL (weak mixing) during the night and then with a deep CBL (strong mixing) during daytime. The turbulent CBL begin to develop after sunrise, followed by rapid growth during mid to late morning and reaching a maximum of around 1.25-1.45 km by mid afternoon (Figure 1a) . The CO 2 concentration increases due to respiration near the surface in the shallow NBL during the night, and reaches a maximum at sunrise. Soon after sunrise, the CO 2 mixing ratio decreases rapidly due to the entrainment of lower-CO 2 aloft, photosynthetic uptake and turbulent mixing in CBL. Possibly advection could also play a role as well but this is likely minor relative to the other contributing factors [Yi et al., 2000] . The CO 2 mixing ratios reach a minimum during the late afternoon. As a result of this diurnal covariation, the monthly mean CO 2 decreases with height from the ground to the top of CBL (Figure 1c) .
Seasonal Covariance
[20] Seasonal covariance between ecosystem metabolism and atmospheric transport occurs in extratropical regions. It plays a crucial role in rectification because seasonal variations are coherent and persistent across latitudinal zones [Denning et al., 1996b; Yi et al., 2004] . The seasonal rectification mechanism is schematic shown in Figure 2 Figure 3. Simulated vertical profiles of the annual mean CO 2 for the period 1990 -1996 and 1999 -2002 , over a boreal region near Fraserdale, Ontario, Canada. The gradients of CO 2 in the atmosphere from the surface layer (e.g., 40 m above the ground) to the annual mean seasonal maximum CBL is a quantitatively measure of the annual total atmospheric rectifier effect. Periods 1990 -2002 , Fraserdale, Ontario, Canada Items 1990 1991 1992 1993 1994 1999 2000 2001 2002 Annual mean temperature,°C Figure 2a . The CBL depth is much lower during the dormant period of October through March than during in the growing season and also the shallowest in mid-winter. The seasonal variation patterns of NEE and DNF are similar but opposite in phase with CBL depth (Figure 2a) . The seasonal covariance is characterized by deeper mixing and larger photosynthetic uptake (downward) during the growing season and by shallower mixing and larger respiration release (upward) during the remaining period of the year. The photosynthesis uptake is diluted through deep mixing in summer, while the respiration release is trapped near the surface in fall and winter. This process produces the annual mean vertical distribution with higher CO 2 mixing ratios at the surface and lower mixing ratios aloft over land (Figure 2c) . In other words, the simulated annual mean vertical gradient of CO 2 would reflect the strength of the covariation between vertical transport and the surface flux.
Interannual Variability in the Rectifier Effect
[21] As shown in Figure 3 , the patterns in simulated vertical profiles of annual mean CO 2 for each of the 11 years are similar. The CO 2 mixing ratio decreases with height below the annual mean seasonal maximum CBL height but increases with height above that level. The minimum of the simulated CO 2 mixing ratios through the entire vertical profile occurs around the annual mean seasonal maximum CBL. At the top of model domain, the simulated CO 2 mixing ratios tend to be close to the background value of the FT. However, the gradients of CO 2 in the atmosphere from the surface layer (e.g., 40 m above the ground) to the annual mean seasonal maximum CBL (around 1.2-1.4 km above the ground), as quantitatively measure of the annual total atmospheric rectifier effect, vary from year to year and from location to location as well Denning et al., 1996b] . When we performed a model experiment, in which the CO 2 flux derived by BEPS is prescribed without a diurnal cycle (e.g., using daily or monthly mean values), the diurnal . Relationships between the annual rectifier effect (Rec) and annual total GPP, ER, NEP for these 11 years (1990-1996, 1999 -2002) , Fraserdale, Ontario, Canada. The r 2 for GPP, ER, and NEP were 0.528, 0.571, and 0.065, respectively. Figure 7 . Seasonal amplitude of total daily NEP is highly correlated to seasonal and annual total rectifications (r 2 = 0.894 and 0.8866, respectively) for these 11 years (1990-1996, 1999 -2002) , Fraserdale, Ontario, Canada. The NEP s-w presents the difference in the seasonal mean total daily NEP between summer and winter. and seasonal rectifier effects are roughly separated (Table 2 and Figure 4) . The simulated gradients of CO 2 from the surface layer to the height of annual mean seasonal maximum CBL using daily or monthly mean fluxes could be the quantity of seasonal rectifying effect (negligible difference are found between using daily and monthly mean values ). While the difference in the vertical CO 2 profile between those simulated by hourly fluxes and by daily or monthly mean fluxes might come from rectifier effects on other timescales (e.g., diurnal, synoptic). The synoptic effect is expected to be overall much weaker than the diurnal effect. Moreover, the synoptic process can be not directly captured by a 1-D model (i.e., VDS). Therefore, the differences are approximately taken as the diurnal rectifying effect in this study. The diurnal effect accounts for a small part of the difference in the annual mean vertical structure (annual total rectifier effect) [Denning et al., 1996b; . As listed in Table 2 , the annual rectifier effect varies from year to year, ranging from about 3.99 ppm to 5.52 ppm, whereas the diurnal rectification strength ranges from 0.93 ppm to 1.36 ppm. The percentage of diurnal to the total rectification varies in the range from 22.8% to 28.9%. Noticeably, both the seasonal and diurnal components vary from year to year by about ±10% to ±15% of their respective means; that is, the diurnal rectifier has about the same proportion of interannual variability as the seasonal rectifier, but in absolute terms it is a smaller effect. The monthly mean vertical gradient can be considered as an indicator of diurnal rectification strength , which varies dramatically from season to season and from year to year ( Figure 5 ). Diurnal rectification is found to occur mostly during the growing season.
Relationship Between Interannual Variability in
Rectifier Effect and the Surface CO 2 Fluxes
[22] The influence of terrestrial CO 2 exchange on the distribution of CO 2 in the atmosphere is modulated by the dynamics of the PBL. The strength of the covariance between terrestrial ecosystem metabolism and vertical atmospheric transport/mixing (mainly caused by dynamics of PBL) determines the magnitude of the rectification. The modeled annual mean daily maximum CBL height varies in a narrow range from 970 m to 1000 m during this 11-year period (Table 2) , and the variation is not correlated with the rectifier effect. The model results show that the annual total gross primary productivity (GPP) and ecosystem respiration (ER) explain 53% and 57% of the interannual variation in the rectifier effect, respectively, though there is almost no correlation between the interannual variation in the rectifier effect and the net ecosystem productivity (NEP) (r 2 < 0.07; Figure 6 ). However, the difference in NEP between summer and winter is highly correlated with the annual and seasonal rectifications (r 2 = 0.89; Figure 7) . Similarly, there is a close relationship between the seasonal amplitude of DNF and the Figure 8 . Seasonal amplitude of daytime net flux of CO 2 (DNF) is highly correlated with seasonal and annual total rectifications (r 2 = 0.7741 and 0.784, respectively) for these 11 years (1990 -1996, 1999 -2002) , Fraserdale, Ontario, Canada. The DNF s-w presents the difference in the seasonally averaged DNF between summer and winter. seasonal rectifications as well (Figure 8) . The simulated results also show that both the seasonal amplitudes of NEP and DNF are poorly correlated with the diurnal rectification (r 2 < 0.5; n = 11). These results are consistent with a simulated result by Denning et al. [1996b] in that the covariance between annually balanced terrestrial CO 2 flux and transport in the model still produced a north-south gradient of about 2.5 ppm at the locations of remote marine boundary layer flask stations.
[23] The diurnal rectifier effect is produced by the covariation between the evolution of the diurnal PBL and the surface flux of CO 2 . As mentioned above, the monthly mean vertical gradient can be an indicator of diurnal rectification strength, and the annual averaged diurnal rectifier effect could be derived by model experiments. Both of them are plotted with monthly and annual averaged surface fluxes in Figure 9 , respectively, to explore surface flux's contributions to the diurnal rectification on various timescales. The daily integral of NEP is found to be poorly correlated with the diurnal rectification at both the monthly and annual timescales, with lower coefficients (r 2 = 0.35, 0.54, respectively). However, the regression analysis shows that NNF could explain most of the diurnal rectifier effect. The diurnal rectifier effect is predominantly caused by NNF rather than DNF (r 2 : 0.67 versus 0.16 and 0.82 versus 0.31 at monthly and annual temporal scales, respectively). This may be possibly due to the differences between daytime and nighttime in the PBL depth (NBL is normally much shallower than CBL), turbulent mixing strength (much stronger during daytime), and in the entrainment and subsidence (only occurs at daytime).
Relationship Between Interannual Variability in Rectifier Effect and Climatic Factors
[24] The annual averaged temperatures varies from À0.07°to 3.44°C; while the annual total precipitation varies within a narrow range of 766 to 930 mm per year during the study period (1990 -1996 and 1999 -2002) (Table 2) . Air temperature and moisture are the dominant climatic factors controlling the year-to-year variations in the atmospheric rectifier effect in this particular boreal environment. As shown in Figure 10 , the annual rectifier effect is highly correlated with annual mean temperature (r 2 = 0.84), while the annual mean air relative humidity explained 51% of the interannual variation in annual rectification (Figure 11 ). The interannual variation in rectification has poor relationship with annual total precipitation and the growing season length (with r 2 = 0.005 and 0.182, respectively) as well.
Concluding Remarks
[25] The coupled model performs well in simulating CO 2 vertical diffusion processes. The simulated annual atmospheric rectifier effects (including seasonal and diurnal), quantified as the gradient in the mean CO 2 concentration from the surface to the top of PBL, varies from 3.99 to 5.52 ppm, even though the modeled seasonal variations in PBL depth are similar throughout the 11-year period. The inter-annual variations in the rectifier effect primarily result from seasonal changes in the biospheric CO 2 uptake and heterotrophic respiration. The annual mean net ecosystem productivity (NEP) is poorly correlated to the rectifier effect. However, the annual amplitude of NEP (the difference between summer and winter) is highly correlated with annual and seasonal rectifications. NNF explains most of the diurnal rectification (82%) but DNF explains only a small part (31%), reflecting the differences between daytime and nighttime in the PBL depth, the turbulent mixing strength, and the entrainment and subsidence. These results further demonstrate that the atmospheric rectification is not simply influenced by the magnitude of the terrestrial net CO 2 exchange (not a simple function of local source/sink strength), but by seasonal/diurnal variations in the land CO 2 flux and its interaction with PBL dynamics. The covariation between the net CO 2 exchange at the surface and the PBL dynamics depends on daytime, nighttime, seasonal and annual fluxes of CO 2 , and this covariation in term affects the spatial distribution of the CO 2 mixing ratio. Understanding the relationship between the vertical gradient in the CO 2 mixing ratio and the surface fluxes is helpful to infer the regional carbon source/sink information using observations at individual towers such as the Fraserdale tower. Figure 10 . Relationship between the annual rectifier effect and annual mean air temperature for these 11 years (1990 -1996, 1999 -2002) , Fraserdale, Ontario, Canada. Figure 11 . Relationship between the annual rectifier effect and annual mean air relative humidity (RH) for the period 1990 , 1999 -2002 [26] Air temperature and moisture are the dominant climatic factors controlling the rectifier effect. The annual rectifier effect was highly correlated with annual mean temperature because both ecosystem respiration and photosynthesis were sensitive to air temperature; while annual mean air relative humidity explained 51% of the annual rectifier effect. ) by the fraction lost due to clouds so that,
where t is the daily total atmospheric transmittance to solar radiation. t is devised by Bristow and Campbell [1984] as a function of diurnal range of air temperature (DT = T max À T min ,°C),
where A, B and C are empirical coefficients unique to specific location. The simplicity of the Bristow-Campbell equation and its predictive accuracy make it attractive. However, it was designed for use on a site-by-site basis with coefficients A, B, and C derived from long-term climatological data [Bristow and Campbell, 1984] , a procedure that is impractical for analyses over large areas [Winslow et al., 2001] . Winslow et al [2001] modified equation (A2) for estimation of R s with inputs of daily maximum and minimum air temperature, daily total precipitation, mean annual temperature, mean annual temperature range, site latitude, and site elevation. Bristow-Campbell coefficients can be deduced by the following equations after Winslow et al. [2001] ,
where t cf is the atmospheric transmittance of the cloud-free atmosphere; D represent the ratio R s /R T max (that is D = [1 À (H À p/4) , where H is the half-day length); e s (T min ) and e s (T max ) are saturation vapor pressures at T min and T max , respectively; and b is an additional parameter required for variation among sites. t cf is divided into three parts,
where t o is the transmittance of clean, dry air (= 0.947 À (1.033 Â 10 À5 )(jFj 2.22 for jFj 80°and = 0.774 for jFj > 80°, where jFj is the absolute value of the site latitude); t a represents the transmittance affected by atmospheric aerosols and ozone, t v is the transmittance affected by atmospheric water vapor (= 0.9636 À 9.092 Â 10 À5 (T mean + 30) 1.8232 , where T mean is the annual mean temperature in°C); and P/Po is a correction for site elevation (P is the atmospheric pressure, and P o is the standard pressure, both in kPa). 
where DT m is the mean annual temperature range between T max and T min .
[28] Once the daily total solar irradiance (R s ) is calculated, its hourly value can be interpolated according to the cosine of solar zenith angle. The model simulations are calibrated and validated against the measured data during 1999 -2002 at the FRD site. The squared linear regression coefficient r 2 equals 0.79 and the root mean square error (RMSE) equals 41 Wm À2 .
